Adeno-associated viruses (AAVs) are small, ssDNA viruses with a genome of~4.7 kb (reviewed by Berns & Giraud, 1996; Berns & Linden, 1995; Weitzman & Linden, 2011) . They are members of the family Parvoviridae, in which they form the genus Dependovirus, and are found widely in the human population. The dependoviruses are so named because they mostly rely on the presence of helper viruses for their replication. The best-known helper viruses for AAV are adenoviruses and herpes viruses, whilst human papillomaviruses are also able to provide help to AAV to a certain extent. In the absence of helper, the permissiveness of some cell types for AAV can be increased by the induction of a cellular genotoxic stress response by exposure to carcinogens, UV irradiation or hydroxyurea (Ogston et al., 2000; Yakobson et al., 1989; Yalkinoglu et al., 1988) , although the effects may be small (Nicolas et al., 2012) . Under conditions that are non-permissive for replication, AAV can establish a latent infection (Berns & Linden, 1995; Kotin et al., 1990; Samulski et al., 1991) . This latency makes the AAVs interesting vectors for gene transfer applications (Weitzman & Linden, 2011) .
Due to their limited coding capacity, parvoviruses in general are particularly dependent on the host cell for proliferation. Moreover, they are able to replicate successfully only in cells that are active in the cell cycle. Thus, they often preferentially infect cancer cells. In the case of AAV, little is known about the natural host cells for the virus. It may be possible that AAV can replicate in any cell carrying a suitable helper or perhaps there are cells (stem or differentiating cells) that can support partial or full AAV replication (Meyers et al., 2000) . We have observed an unusually high susceptibility of osteosarcoma cells to infection by AAV-2 (Laredj & Beard, 2011; Raj et al., 2001) . This is explained at least in part by the lack of an innate antiviral response in the osteosarcoma cells (Laredj & Beard, 2011) . However, it remains unclear if this predisposition is primarily due to the bone-cell-like nature of the osteosarcoma cells or is a result of their transformed properties. To attempt to answer this question, here we grew osteosarcoma cells in a biomimetic bone-like matrix and tested their susceptibility to AAV-2 as compared with the same cells in normal culture in monolayers.
Tissue engineering is a rapidly developing field offering new perspectives in the treatment of damaged or diseased tissues, including bone (Elliott & Yuan, 2011; Rose & Oreffo, 2002) . Its basic idea relies on the development of suitable scaffold, or matrix, materials, usually porous, that act as three-dimensional templates for cell adhesion, migration, growth and proliferation.
In our study, chitosan composite matrices were made by freezing and lyophilizing a suspension of chitosan (medium-molecular-mass chitosan, 250 kDa; Aldrich) and nanohydroxyapatite (nHA; nanohydroxyapatite powder; Aldrich), essentially as described by Thein-Han & Misra (2009) with modifications. Briefly, for 100 ml suspension, 2 g chitosan and 1 g nHA were used. The chitosan was dissolved in 50 ml 1 % (v/v) acetic acid and the nHA powder was dispersed ultrasonically in 50 ml deionized water. The dispersed nHA was added dropwise to the chitosan solution with mixing and the dispersion was then mixed vigorously using a magnetic stirrer for 2 h to obtain a homogeneous suspension. The chitosan-nHA dispersion was transferred to 12-well tissue culture plates, 2.5 ml per well, frozen at 220 u C and lyophilized in a freeze dryer for 48 h. The dried chitosan-nHA matrices (~3 cm 2 , 3 mm thick) were removed and residual acetate neutralized by immersion in 10 % NaOH followed by washing with distilled water until neutralized, and again lyophilized. The matrices were finally hydrated by immersing in an ethanol series: absolute ethanol for 1 h, 70 and 50 % ethanol for 30 min each, followed by several changes of PBS (pH 7.4) to remove the residual ethanol and storage in PBS.
Three-dimensional micrographs of the chitosan-nHA matrices obtained using confocal microscopy showed a structure that was open and porous in each dimension and at different depths (Fig. 1a ). The pores were of variable size, with a mean cross-section of~100 mm. Osteosarcoma cells (U2OS or Saos-2) were plated at 10 6 cells per matrix and their growth followed. Well-defined colonies of cells were visible following fixing, sectioning and staining with haematoxylin and eosin ( Fig. 1b) , implying that the cells were proliferating. A similar conclusion was drawn from experiments using DAPI staining of nuclear DNA (Fig. 1c ). This conclusion was confirmed by measuring the DNA content of the matrix-associated cells using a spectrophotometric assay and nucleic acid measurement software of the NanoDrop 1000 spectrophotometer (Witek) following Proteinase K digestion (Fig. 1d ). The DNA content increased up to 14 days of culture, after which it started to decline due, we think, to loss of cells from the aged matrices. Subsequent experiments were done with U2OS cells, between the time of seeding and 14 days.
Alkaline phosphatase (ALP) levels are a marker of osteogenic differentiation (Rodan & Noda, 1991) . To test for changes in ALP levels in the matrix-associated osteosarcoma cells, we prepared cell lysates with 1 M urea and incubated aliquots of these with the ALP substrate p-nitro phenyl phosphate (Sigma-Aldrich) at 37 u C for 15 min. The reaction was stopped by addition of NaOH to 0.1 N and the absorption of 405 nm light measured spectrophotometrically. ALP activity was normalized to total protein and expressed as nmol converted p-nitrophenol min 21 (mg protein) 21 (i.e. U mg 21 ). We found that ALP was at undetectable levels in U2OS cells under normal culture conditions. On growth on chitosan-nHA matrices, however, the level increased and reached 76 U mg 21 after 14 days, after which the level declined in parallel with cell number (see above). Saos-2 cells also contained ALP activity that increased on matrix culture. We therefore conclude that in spite of their tumour origin, osteosarcoma cells can attempt at least this step of differentiation when grown in chitosan-nHA bone-like matrices. Similar findings have been reported by others (Manjubala et al., 2008) .
To test the susceptibility of osteosarcoma cells to infection by AAV-2, we cultured U2OS cells in the normal way in monolayers in plastic plates with coverslips and infected them with AAV-2. Standard methods of cell culture, virus production and immunofluorescence were as described by Laredj & Beard (2011) . After 2 days, the cells were fixed and prepared for immunostaining. Two antibodies were used: a rabbit anti-Rep antibody prepared by P. Saudan in our laboratory and the mouse mAb A2 (Progen Biotechnik) that recognizes assembled AAV-2 capsids. Using different secondary antibodies tagged with either Alexa Fluor 568 or Alexa Fluor 488, we were able to distinguish capsid staining (red) from the Rep proteins (green). The results (Fig. 2) showed that essentially all cells were infected as indicated by the fact that they displayed spotted cytoplasmic red staining. We attribute this staining pattern to incoming viral particles because it can be seen after exposure to virus but in the absence of Rep staining. Many cells (for quantification, see below) also showed green Rep-specific nuclear staining. Finally, a few cells (e.g. one in Fig. 2a and one in Fig. 2e ) exhibited uniform nuclear red staining; this was only seen coincident with Rep staining and we interpret it as newly made capsid protein.
The intensity of Rep staining was quite variable, as seen previously (Laredj & Beard, 2011) . Fig. 2. (a-h) Fluorescence microscopy of AAV-2-infected U2OS cells growing in monolayers. Cells were seeded on 19 mm coverslips and infected with AAV-2 after 24 h as described previously (Laredj & Beard, 2011) . After a further 48 h, cells were immunostained for Rep proteins (green) and AAV-2 capsids (red), and with DAPI (blue) for nuclear DNA. (d, h) Merged images. Uninfected U2OS cells do not show capsid or Rep staining under these conditions (Laredj & Beard, 2011) . Quantification of multiple images (Fig. 3e) showed that the Rep-expressing cells accounted for~60 % of the total and that the capsid-expressing cells accounted for 5 %. We conclude that U2OS cells are partially permissive for AAV-2, enabling efficient Rep synthesis in many cells, whilst capsid proteins are produced only in very few cells. What distinguishes the few capsid-producing cells from the bulk of cells is under study (unpublished observations).
To compare osteosarcoma cells growing normally in monolayers with cells growing in chitosan-nHA matrices, a similar series of experiments was performed, but this time using matrix-grown U2OS cells. The results obtained with these matrix cells were different. Immunostaining and fluorescence microscopy showed that cell-associated incoming virus was present in amounts comparable with that seen with cells in monolayers (red staining, e.g. Fig.  3a, b ). However, little or no green staining that would correspond to Rep proteins was seen, nor did we observe the uniform red nuclear staining of newly made capsids ( Fig. 3b-d) . Quantification (Fig. 3e ) showed that the incoming viral capsid staining was associated with 50-80 % of the cells. This incoming viral capsid staining was visible only in regions of the matrix that contained cells and was not associated with regions of bare matrix. We therefore interpret it as cell-associated virus. The results suggest that growth of U2OS cells on chitosan-nHA matrices is accompanied by a reduction or loss of permissiveness following AAV-2 infection, as indicated by Rep and capsid protein staining.
The reason for this loss of permissiveness is not clear. It appears to be exerted at an early step, before Rep synthesis. The observation that AAV-2 particles infecting U2OS cells in monolayers often accumulate at the nucleus (Figs 2d and  3a) raises the possibility that it may be at the stage of viral entry or transport; thus, U2OS cells growing on matrices exhibit less accumulation (Fig. 3b, c) . For example, cell membrane receptors may change in differentiated cells. In any case, to come back to our initial question, as increasing the bone-like properties of U2OS cells in the matrices results in less, not more, susceptibility to AAV-2, our observations suggest that it is the transformed nature of osteosarcoma cells, rather than simply their osteoblast origin, that plays the main role in their partial permissiveness for AAV-2. However, it cannot be excluded that osteoblastoid traits contribute to that permissiveness. Our results demonstrate, in a wider context, that viral infection of cells growing on biomimetic three-dimensional matrix scaffolds could be a practical way to mimic experimentally in vivo conditions.
Note added in proof
Adeno-associated viruses and the family Parvovirus were reclassified by the International Committee on Taxonomy of Viruses in 2013 as adeno-associated dependoparvoviruses and the family Parvodependovirus. Adeno-associated virus type 2 is now classified as adeno-associated dependoparvovirus type A.
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